Elicitation and development of product requirements are crucial aspects of front-end design and have significant impacts on future product success. This study sought to better understand how novice designers approach the development of product requirements during a front-end design task. Results showed that the stakeholder validity of participants' requirements and the level of tailoring of the requirements to the design context and stakeholders were highly correlated to the number of distinct information sources used and moderately correlated to participants' dependency on particular information sources. Furthermore, an in-depth exploration of participants' information gathering behavior during the design task elucidated specific strategies and processes that may explain why some participants were more successful than others.
Introduction
Activities associated with front-end design phases are characterized by their "fuzzy" nature, because they are ill-defined and have high levels of uncertainty [1] . Front-end design, defined as the phases of product development associated with problem definition, concept generation, and idea evaluation [2] [3] [4] , presents unique challenges as the understanding of the problem and acceptable solutions co-evolve through iteration, and the nature of this iteration is often unstructured and has little formalization [5, 6] . Case studies have demonstrated that the success of new products depends upon how well the front-end design phases are executed [3] . Studies have also shown that in many instances product failures are a result of critical decision errors made during the frontend design phases that could not be cost-effectively rectified later in the design process [2, 7, 8] .
A key component of front-end design involves eliciting and developing product requirements. Product requirements are any function, constraint, or other property required for a designed artifact to meet the needs or wants of stakeholders; the requirements are translated into engineering specifications that are both quantifiable and measurable in order to guide engineering design processes [9, 10] . The ambiguous and iterative process of developing product requirements and translating these requirements into engineering specifications is a challenging undertaking in design work [1] . To develop quality requirements, design experts have advocated the collection of information about end-users, stakeholders, and product-use environments from a variety of sources and using a variety of methods, such as interviews with end-users and other stakeholders, focus groups, surveys, customer complaints, sales data, and codes and standards [9, 11, 12] . Newer information gathering methods based on the philosophies of human-centered and participatory design include focus group brainstorming techniques, consensus-building workshops, the use of prototypes during elicitation, protocol analysis, and comprehensive design ethnographies [13] [14] [15] [16] [17] . These methods allow one to gain a better understanding of a product's stakeholders and its context of use in order to properly define product requirements.
Requirements elicitation methods involve extensive information processing. The necessity for a deep understanding of endusers and stakeholders requires designers to gather information from diverse sources, synthesize and analyze this information, and then apply it to make design decisions. The process represents a significant challenge for novice designers, as one must be prepared to use both technical and nontechnical skillsets [11, [18] [19] [20] [21] . Prior studies comparing novice and expert designers have emphasized this challenge and its effect on final design quality [22] [23] [24] [25] . For example, a study of novices and experts performing a design task showed that novices spend less time gathering information and less time defining the scope of the design problem than experts [24] . It has also been shown that novice designers who spend more time refining the scope of their design problems tend to produce higher quality designs [26] . Our previous work has shown that novices understand the value and benefit of information gathering and synthesis while developing requirements; however, during execution they typically gather less information and perform less synthesis than originally planned [27] . In addition, while novices understand the benefits of incorporating stakeholders' input and field-based observations into the requirements development process, they encounter obstacles and use stakeholder interactions to gain only superficial benefits [21, 28] .
The development of product requirements and specifications can be characterized as a particularly open-ended and iterative information gathering process [29] . While some information processing work can be defined as "information transfer," where information is treated as an object and directly applied to the problem without further analysis or synthesis, developing product requirements more closely resembles "information use," where designers must incorporate the information gathered with their existing knowledge and apply it to the development of product requirements-a more cognitively demanding task [30] . Within this broader field of information gathering and application, and outside of the design context, studies have been conducted to understand how individuals identify needed information, seek out this information, and apply it during problem solving [31] . Research has shown that novices do not tend to assess the quality and/or validity of the information they obtain prior to applying it to their problems [32] [33] [34] [35] . Similar results have been found for engineering students' use of internet sources through studies of design report bibliographies [36] . The importance of information gathering has also been demonstrated in practice, where companies in industries with higher uncertainty are more likely to rely on external information, more frequently use all information sources available, and spend more time gathering information during problem solving processes [37] . While these studies have formed a solid foundation for further research on how information is gathered and used during engineering design, few studies have explicitly investigated the ways in which designers gather and use information during design processes.
Prior work has demonstrated that front-end design is critical to the success of new products, but detailed studies have not yet been conducted with respect to how novices perform requirements elicitation and development during front-end design. This study contributed knowledge to this topic by investigating novice designers who participated in a front-end design task.
Methods
Research Goals. The goals of this study were to investigate novice designers' information gathering behaviors and how the behaviors related to the development of product requirements. To achieve these goals, we used a mixed-methods approach; using quantitative methods, we examined how participants' information use correlated with assessments of their requirements, and using a case analysis approach, compared the behaviors of design task participants who varied in their levels of success during the development of product requirements. Similar to other studies investigating design processes [38] [39] [40] [41] [42] , this study focused on collecting extensive data from a small sample of participants (rather than collecting limited data on a large sample) to obtain a deeper understanding of how the participants approached and executed the front-end design phases.
Our study focused on the use of information sources and information gathering behaviors and each focus was guided by corresponding research questions:
• Use of information sources: How do novice designers use information sources to develop product requirements? How do the ways novice designers use information sources relate to the quality of their requirements? • Information gathering behaviors: What differences exist in information gathering behaviors between participants who develop requirements that receive high and low validity scores from stakeholders?
Participants. Eight students (five male and three female) in their fourth year of engineering (seven mechanical engineering students and one biomedical engineering student) volunteered as participants. Students were recruited via e-mail, using class e-mail lists from the fall and winter sections of the mechanical engineering capstone design course. Therefore, all students had completed or were in the final weeks of their capstone design course (i.e., had a minimum of one prior exposure to the front-end design process). Interested students completed a preselection questionnaire (Appendix A) designed to gather demographic and prior curricular, cocurricular, and extracurricular design experience information. The preselection questionnaire prompted students to estimate the level of experience with various design tools and design phases. We used a stratified random sample from the group of volunteers to achieve diversity in front-end design experience. Of the eight participants selected to participate, four had participated in cocurricular multidisciplinary design experiences (Participants 1, 4, 5, and 6), one participant had a minor outside of engineering (Participant 3, economics), two participants reported involvement in extracurricular design activities (Participants 3 and 4), and three participants reported having completed internships (Participants 2, 7, and 8). Participants were compensated $16 per hour.
Data Collection. To minimize the variability associated with studying front-end design, the same design task and access to information sources were given to all participants. The study was conducted in specific rooms on campus to facilitate detailed data collection of participant information gathering and use practices. The study was approved by the Institutional Review Board of the University of Michigan in accordance with the Helsinki Declaration and all participants gave informed consent.
The study spanned 8 h: 3 h of participant design activity (9:00 a.m.-12:00 p.m.), three and a half hours of design activity (1:00 p.m.-4:30 p.m.), and a 1-h break for lunch. After a brief explanation of the task (below) and a question and answer session, participants were free to schedule their time as desired.
Participants were presented with the following design task scenario (the term "user requirement" was used instead of "product requirement" to match the terminology used in the participants' capstone design course):
You are currently working for a large toy company that specializes in toys for young children (0 to 10 years old). You've just received a job assignment from your boss. The executives have decided they would like to begin to develop toys that aid young children, between 1 and 5 years of age, in developing their cognitive abilities, specifically children's ability to explore and learn about cause and effect. You have been assigned the job of investigating this idea in order to understand the design problem, develop user requirements, and translate these user requirements into engineering specifications. You will be using standardized templates that your company has developed in order to document the user requirements and engineering specifications. In the future, you and a team will design the toy based precisely on the user requirements and engineering specifications you are developing, so be sure to include as much detail as possible. For now, your boss only wants to see the user requirements and engineering specifications.
The task was made intentionally broad in order to best simulate front-end design where the problem itself as well as the purpose, requirements, and features of the desired outcomes are not well defined. Furthermore, participants reported that they had not addressed this specific design task in prior curricular, cocurricular, or extracurricular activities. The design problem was formulated to be approachable by all participants and outside their domains of expertise, consistent with other design task studies [22, 24, 43] . Participants were given templates (Appendix B) to document each requirement, the priority level of the requirement, a justification for the requirement, and the information sources that contributed to the development of the requirement.
Each participant was assigned to a computer workstation to document the product requirements and engineering specifications and to access internet sources. Participants were also provided access to the following resources:
• Academic literature: electronic articles on childhood cognitive development • Books: several books on children's cognitive development The data collection approach described below allowed us to track participants' activities throughout the day with minimal interference to their work. We collected various sources of data including overhead video camera footage of the computer workstation room, screenshots of participants' computers, computer surveillance data, audio-video recordings of stakeholder interviews, interview evaluations (by stakeholders), participant notebooks, post-task information use surveys, audio/video recording of a focus group discussion with stakeholders, requirements evaluations (by stakeholders), and audio recordings of post-task interviews with participants. This level of data collection allowed us to perform descriptive and exploratory quantitative analyses as well as in-depth qualitative analyses of participants' design deliverables and their strategies and behaviors during the design task [44] .
Data Analysis. To answer our research questions, the following data were used: Product requirements developed by participants, stakeholder evaluations of requirements, overhead video camera footage, computer monitoring data, audio/video recordings of stakeholder interviews, and post-task interview recordings. The requirements developed by participants and the evaluations performed by stakeholders were used to address the first research question, and the remainder of the data were used to address the second research question. Analysis of the first research question included performing two assessments of participants' requirements and correlating them to descriptive measures of participant information use. Analysis of the second research question focused on identifying relationships and patterns in behavior across participants as they developed requirements.
Use of Information Sources. We investigated relationships between participants' use of information sources and both the stakeholder validity of their requirements and the degree to which requirements were tailored to the specific context and stakeholders of the design task. Several design texts describe criteria for assessing the quality of requirements. For example, Sommerville and Kotonya stated that requirements should be valid, consistent, complete, and accurate [45] . Garvin identified eight basic dimensions of quality including performance, reliability, durability, serviceability, conformance, perceived quality, aesthetics, and features [46] . Gause and Weinberg stressed the identification and reduction of ambiguity in requirement lists [47] . Requirements must also be solution independent [9] . Taking into account these criteria for requirements quality and the aim of our study (i.e., to characterize how novice designers use information sources to develop product requirements), we developed two metrics to assess the quality of requirements that heavily relied on participants' abilities to gather, synthesize, and apply stakeholder and context-based information: (1) stakeholder validity as defined by Sommerville and Kotonya and (2) the extent to which the requirements were tailored to the context of use and/or stakeholders through the application of Garvin's eight dimensions of quality.
Stakeholder validity is defined as the degree to which clients, end-users, and stakeholders confirm that product requirements accurately describe characteristics that would meet their needs and wants [48] . To measure stakeholder validity, the requirements developed by participants were presented to the stakeholders who had been available during the design task for interviews (n ¼ 7). Stakeholders were given each participant's complete set of requirements and asked their level of agreement with two statements: (1) The requirements describe the important characteristics of a toy for young children and (2) the requirements describe the important characteristics of a toy aimed at aiding children (between 1 and 5 years of age) in developing their cognitive abilities, specifically learning about, and exploring cause and effect. A five-point Likert scale (strongly disagree, disagree, neither agree nor disagree, agree, and strongly agree) was provided to capture responses. The metric for stakeholder validity, V i , was calculated using the following equation:
where i represents the participant's requirement list being evaluated and j represents the stakeholder who assessed the requirement list, R ij is the rating (on the five-point Likert scale) given to participant i by stakeholder j, andR j is the median evaluation score given by stakeholder j (across all participants). The sum is divided by the total number of stakeholders (7) who evaluated requirements.
We also analyzed the extent to which participants' requirements were tailored to the specific context and stakeholders for whom they were designing. Participants who developed a larger number of these tailored requirements were deemed more successful in understanding the context and stakeholders for whom they were designing and applying their understanding to the development of product requirements. This assessment was accomplished by considering two of Garvin's eight dimensions of requirements: aesthetics and features [46] . These two dimensions encompass requirements that must be specifically tailored to the end-use context and the stakeholders who interact with the product, and therefore require a deeper understanding of the context of use and the stakeholders who will interact with the product. Features are "frequently used to customize or personalize a product to the customer's taste" while aesthetics represents the customer's response to how the product "looks, feels, sounds, tastes, and smells" [9, 46] . Using this classification system, we calculated the number of requirements each participant developed that belonged to the first six dimensions as well as those that belonged to the last two (context and stakeholder specific) dimensions. Participants with a higher number of requirements pertaining to the dimensions of features and aesthetics (after being normalized by the total number of requirements generated by the participant) were deemed to have developed and applied a more thorough understanding of the product's context of use and the stakeholders who would interact with the product.
To examine the relationship between the above-mentioned metrics and how participants used information, we developed two metrics of information use. The first metric quantifies the diversity of information sources used by participants and the second characterizes participants' dependence on specific information sources while developing requirements. As part of the requirements template, participants were asked to cite the information sources that informed the requirements they developed. These information sources were subsequently classified into ten exhaustive categories (observations, interviews with parents/teachers, interviews with education experts (doctorate holder and doctoral candidate), interviews with the safety expert, academic literature, benchmarking, online resources, standards, given resources (e.g., books, guidelines), and the design task brief). These categories included all information sources cited by participants. The number of distinct information sources cited by each participant was then calculated, providing a measure for the level of diversity of the information sources participants used.
To quantify the level of dependence on specific information sources, we used the skew statistic for the distribution of information sources cited by participants (example distributions can be seen in Fig. 3(b) ). This measure was calculated using Eq. (2), where n is the number of information source categories, x i is the number of citations within the ith category, and
x is the average number of citations per category. This measure of skew is insensitive to the ordering of information sources within the distribution.
The higher the skew of a participant, the more dependent he/she was upon a small subset of information sources when developing requirements. Skew was normalized across participants. In order for more positive measures to be associated with less dependence on a small subset of information sources, the metric shown in Eq. (3) was used for the correlations performed in this study:
The two measures of information use were then correlated with the two metrics of requirements quality. Spearman's rank-order correlation was used to capture the relationships between the variables in accordance with the nonparametric data from the Likert surveys [49] . Using two-tailed significance tests, Spearman's correlation coefficient, q, and p-values were calculated for all metrics of interest.
Information Gathering Behaviors. The objective of the case analysis was to identify differences in information gathering behavior among participants whose requirements received high and low validity evaluations from stakeholders (Participants 2, 5, 6, and 7). Using a subset of the participants facilitated a detailed examination that included both quantitative metrics and qualitative coding, and thematic analysis [50] [51] [52] [53] . The variety of data sources allowed for a comprehensive description to be generated with respect to how each participant spent his/her time during the design task and how he/she performed specific information gathering activities (such as stakeholder interviews). Individual timelines showing minute-by-minute activities during the design task elucidated how each participant spent his/her time [54] . Analysis of stakeholder interview transcripts was conducted by categorizing interview questions with an emergent coding system representing different topics of discussion (e.g., introductions, product requirements, and validation testing, etc.). The time spent on each topic during interviews was calculated to determine the focus of participants' efforts, leading to the identification of specific behaviors and strategies displayed by the participants. The post-task interview transcripts determined whether participants acknowledged these behaviors and strategies, and whether they were intentional or not.
Results and Discussion
The study results are described below in two sections: Use of Information Sources and Information Gathering Behaviors. First, we present the quantitative analysis results correlating participant information use behaviors with the quality of the requirements developed (answering our first research question). Second, we present the outcomes of the qualitative case analysis to compare the information gathering and use behavior of participants who developed high and low quality requirements (answering our second research question).
Use of Information Sources
Requirements Assessment. The first metric, participants' stakeholder validity scores, ranged from À0.33 to 0.50 for question 1 (the requirements describe the important characteristics of a toy for young children) and from À0.83 to 0.50 for question 2 (the requirements describe the important characteristics of a toy aimed at aiding children (between 1 and 5 yr of age) in developing their cognitive abilities, specifically learning about, and exploring cause and effect). The theoretical minimum for the stakeholder validity metric was À1 and the maximum was 1. Figure 1 shows that Participants 5 and 6 performed above average when assessed by this metric, with participant 6 performing markedly better than all other participants.
The second metric, the proportion of requirements that were tailored to the specific context and stakeholders of the design task, also revealed differences among the requirements developed by participants. Figure 2 shows that while all participants developed approximately the same number of basic requirements (requirements within the dimensions of performance, reliability, durability, serviceability, conformance, and perceived quality), Participants 4, 5, and 6 developed a larger quantity of requirements tailored to the specific context and stakeholders of the design task (requirements within the dimensions of features and aesthetics) than the other participants. The proportion of tailored requirements to the total number of requirements was used to establish correlations between information use and requirement assessment scores.
Assessing Information Use. Figure 3(a) shows the large variation with respect to how the eight participants used information to develop requirements. The number of distinct information sources cited by participants is displayed along the y-axis and the level of dependence upon particular information sources is displayed along the x-axis. Along the y-axis, higher values are associated with more diverse information use, and along the x-axis, higher values are associated with less dependence upon particular information sources. The large variation is most striking when comparing Participant 6, who used six distinct information sources and was not overly reliant upon any particular source, and Participant 1, who used only three distinct information sources and was highly reliant on one source (parent/teacher interviews) to develop requirements ( Fig. 3(b) ). The variations suggest that participants used different strategies with respect to how they applied information when developing requirements, but the variations do not conclusively show that participants gathered and/or synthesized information differently.
Effect of Information Diversity and Dependence on Requirements
Assessment. A strong correlation (q ¼ 0.70 and p ¼ 0.055) was found between the stakeholder validity of participants' requirements and the number of distinct information sources used; participants who used many information sources produced requirements that received higher scores from stakeholders ( Fig. 4(a) ). Additionally, participants who used more diverse information sources developed more requirements tailored to the specific context and stakeholders of the design task as there was a strong correlation (q ¼ 0.83 and p ¼ 0.011) between the proportion of context-specific requirements developed by the participants and the number of distinct information sources used (Fig. 4(b) ). Participants who were dependent on particular information sources were more likely to receive lower validity scores from stakeholders as there was a Fig. 1 Validity of participants' (P 5 participant) product requirements as evaluated by stakeholders Fig. 2 Numbers of requirements developed by participants as classified using Garvin's first six dimensions (basic requirements) and those requirements that were context/stakeholder specific (feature/aesthetic requirements) strong correlation (q ¼ 0.79 and p ¼ 0.020) between the stakeholder validity metric and the information dependence metric (Fig. 4(c) ). There was a nonsignificant weak correlation (q ¼ 0.48 and p ¼ 0.233, Fig. 4(d) ) between the proportion of requirements specifically tailored to the context and stakeholders of the design task and the participants' dependence upon particular information sources.
The results suggest that use of diverse information sources and avoiding dependence on particular information sources are important factors for developing requirements that meet the expectations of stakeholders and are tailored to a product's context of use and stakeholders. The findings are consistent with common engineering texts that recommend consulting a variety of information sources during requirements development and confirming the requirements via multiple sources, rather than depending upon a small number of sources [9, 11, 12, 45] . Our findings reinforce this concept by showing that diverse sources of information are critical to the development of quality product requirements.
Information Gathering Behaviors. Below we present the analysis of the behaviors and approaches of Participants 6 and 8 (high stakeholder validity assessments), and Participants 7 and 2 (low stakeholder validity assessments) to understand why some participants excelled and others struggled during the development of product requirements.
Case I: Participant 7. Participant 7 scored lowest in the evaluation of requirements by stakeholders and developed only five requirements during the design task (the average for all participants was eight), three of which were tailored to the context and stakeholders of the design task (the average was 4.87). Participant 7 also used the fewest number of distinct information sources and was the most dependent on particular information sources to develop requirements. Fig. 3 Participants' use of diverse information sources (P 5 participant) and their dependence on particular information sources. Citations were normalized in Fig. 3(b) by dividing the total number of requirements (i.e., 1.0 indicates that the information source was cited in all of the participants' requirements). The timelines shown in Fig. 5 display the activities of Participants 6 and 7 based on the minute-by-minute analysis. Time is shown from left to right (beginning to end of the design task) and a block is placed in line with the participant's activity at the time indicated on the x-axis. Participant 7's use of time and handwritten notes shows extensive time spent in performing data collection ( Fig. 5(a) ). However, Participant 7 did not begin to document requirements until the final hour of the design task, which was markedly different from the higher performing participants, such as Participant 6, who began documenting requirements roughly two and a half hours prior to the end of the design task (Fig. 5(b) ). Participant 7's approach left little time to properly analyze the information gathered and apply it to his requirements and may have led to the lower validity scores he received. Participant 7's time management approach was also evident in his handwritten notes that only captured information gathering activities and showed no attempt to analyze the information gathered. During the post-task interview, Participant 7 described how he spent time during the day:
"…defining all of my user… requirements and engineering specs, that was a full out blitz from somewhere around 3:30ish to right at 4:00 and …so up until that point it was just all research based." Participant 7's efforts to collect as much information as possible without anticipating the amount of time needed to synthesize or incorporate the information into the requirements likely prevented him from effectively leveraging the information collected, and may have led to receiving low stakeholder validity scores for his requirements.
Case II: Participant 2. Participant 2 performed just below average with respect to the stakeholder validity scores for her requirements. Only half of the requirements developed by Participant 2 were tailored specifically to the context and stakeholders of the design task; participants with above average stakeholder validity scores had approximately 70% of their requirements tailored specifically to the context and stakeholders of the design task. Participant 2 only used three distinct information sources, but was not overly dependent on any one of them. Unlike Participant 7, Participant 2 began documenting requirements early and continued until the end of the design task. However, Participant 2 may have been overly reliant on online sources to complete the task. Figure 6 compares the time spent during the interactive design task by Participants 2 and 5. Compared to Participant 2, Participant 5 consulted a broader range of information sources and referred to them more uniformly. Participant 2 spent close to 90 min consulting online sources, which was more than twice as much time spent compared with any other Participant assessed. During the post-task interview, Participant 2 discussed this aspect of her approach:
Interviewer: "What would you say was the most important resource during the day that you used?" Participant 2: "Probably the internet … because it's helpful talking to people, but…they're very subjective…to what they've just been through, …and it's not … a general sample." Participant 2 associated online research with the acquisition of more "generalizable" knowledge and associated interviews with a more anecdotal form of knowledge acquisition, which possibly explains why she relied more on online sources and did not use other sources as much as other participants. Participant 2's perception of interview methods for requirements development may have hindered her from effectively leveraging this information source during the design task.
Case III: Participant 5. Participant 5 performed above average with respect to both requirement quality metrics. Participant 5 used the six types of information sources available without becoming dependent on any one source as shown in Fig. 6 . Participant 5 also displayed more advanced information gathering and use behavior with respect to interviews and observations. For example, Participant 5 developed a questionnaire for parents to complete during the observation session to better understand their perspectives. He then used the questionnaire to structure interviews with stakeholders and modified it as needed [47] . This approach allowed Participant 5's interviews to focus more on the requirements; whereas other participants spent more time discussing background issues with stakeholders versus talking directly about product requirements. Participant 5 also displayed more advanced design process knowledge by narrowing the focus of the design task based upon the information he collected [24, 26, 55] . The original task indicated that the toy should be targeted to children from ages one to five; however, Participant 5 narrowed the focus to ages one to three given that most of the cognitive development for this specific attribute (cause and effect learning) occurs during these years. Other participants, such as Participant 2, mentioned the difficulty of developing requirements for such a large age range, but did not recognize the opportunity to redefine the problem more appropriately. Case IV: Participant 6. The requirements developed by Participant 6 received the highest scores from stakeholders. Participant 6 cited the most diverse set of information sources and did not depend on any particular information sources. During the design task, Participant 6 spoke with more stakeholders than any other participant, holding seven interview sessions with stakeholders (four were conducted as focus-group style interviews with two to three stakeholders each). Additionally, Fig. 7 shows that Participant 6 balanced her time during interviews with stakeholders and discussed a broad range of topics. The balanced interviews may have allowed Participant 6 to develop a more holistic understanding of the stakeholders interviewed.
Participant 6 was also one of only two participants to present stakeholders with a preliminary version of the requirements developed. The direct feedback obtained from the stakeholders about the requirements displayed Participant 6's ability to employ a more participatory approach to stakeholder interaction during the design process [56] . During the post-task interview, Participant 6 mentioned the benefit of being able to interview parents while their children were playing in the same room.
"… I was glad that I was able to … interview parents during [the observation session], even though it was informally, because they were … in their setting … with their child … playing with them so the things they said were just more … candid and they were … in the mindset of … their kids playing with the toy"
Interviewing parents during the observation session allowed Participant 6 to ask questions based on the children's real-time behaviors. Unlike a neutral environment (an interview room), the natural environment likely aided the parents by providing them with contextual cues that could help inform their answers [57, 58] .
The case analyses of Participants 2, 5, 6, and 7 showed that participants who developed requirements that were scored more highly by stakeholders (Participants 5 and 6) also exhibited more sophisticated information gathering and requirements development strategies. We observed that Participants 5 and 6 used their observation sessions to talk to the parents in a more natural environment, developed surveys to provide structure to their interviews, performed more balanced information gathering (in general throughout the design task and specifically during interviews with stakeholders), and sought feedback from stakeholders about requirements [47, [56] [57] [58] .
Previous studies have shown that time spent gathering information impacts design outcomes. In this work, we found that the strategies participants used when gathering information also had an impact on outcome quality [26] . For example, Participants 6 and 7 used similar information sources and spent similar amounts of time gathering information, but received markedly different validity scores from stakeholders. From our findings, we conclude that simply gathering an extensive amount of information while developing requirements does not yield high quality requirements.
Instead, novice designers need to gather information effectively and then synthesize, analyze, and apply it appropriately.
Participants 5 and 6 displayed sophisticated information gathering techniques and were able to transfer their data into high quality requirements. Participants 2 and 7, however, were less successful, because they were unable to translate the data collected during the design task into the development of appropriate product requirements. Our prior studies have found similar trends, where engineering students in capstone courses encounter difficulties while attempting to incorporate diverse information sources into the development of product requirements [21, 27] .
Limitations. The development of a structured design task that simulated aspects of front-end design allowed us to understand the processes by which novice designers gather and use information during the development of product requirements. However, there were limitations associated with the format of the design task. The group nature of the study wherein all participants performed the same design task simultaneously could have caused some participants to perform observations or stakeholder interviews simply because they noted that other participants were doing so, and they might not otherwise have used these sources. Also, allowing the participants to schedule interviews and focus group appointments with stakeholders as desired possibly benefited those who conducted their interviews later in the day, because earlier interviews could have "primed" the stakeholders. Additionally, we did not control for the effect of performance in the capstone design course or cumulative grade point average; however, a retrospective analysis of participants' grades in the capstone design course indicated that all of the participants were strong design students (grades ranged from Bþ to A).
This study focused on collecting an extensive amount of data on a relatively small number of study participants. While the outcomes are not generalizable, the goal was transferability, meaning rich detail is collected and reported so that other researchers can apply and translate the findings into their own contexts [59] .
Conclusions
This study sought to better understand the processes used by novice designers to gather and use information during the development of product requirements. Participants with higher stakeholder validity scores and a larger proportion of requirements tailored specifically to the context and stakeholders of the design task cited the most diverse set of information sources and did not rely upon a singular (or small subset of) information source(s) to develop requirements. We suggest that a curriculum for teaching requirements development should encourage novice designers to gather diverse information and synthesize the information before developing requirements. Requiring a minimum number of diverse information sources as justifications for requirements and ensuring that each requirement is supported by multiple information sources may provide the necessary incentives until novices develop a deeper understanding of the benefits of such information gathering and use strategies. In addition, the literature on information gathering and use has demonstrated that novices tend to struggle with complex information processing tasks; therefore, novice designers may need instruction on general strategies for gathering and synthesizing diverse information.
The case analyses identified novice behaviors that could be countered with targeted pedagogy. For example, dependence on internet sources while ignoring information sources such as interviews with stakeholders or observations may be prevented by fully defining the breadth of information sources and methods for gathering information before novices begin to develop requirements. Demonstrating the iterative process of requirements development could prevent novices from treating it as a one-time activity, where information gathering fully precedes development of requirements. Furthermore, often in capstone design courses, the development of product requirements is performed on an Fig. 7 Time spent discussing specific topics by Participants 6 and 7 during interviews with stakeholders accelerated timeline. Design course curriculum could provide opportunities for additional time for this design phase.
The development of requirements specifically targeted to a product's context of use and to its stakeholders is key to the success of human-centered design processes [60] that focus on the actual stakeholders who will interact with the product. This study demonstrated that gathering information from diverse sources is a useful strategy for identifying context-and stakeholder-specific requirements.
Acknowledgment
The study team thanks Kristen Ydoate and Linh Huynh for their help developing and executing the interactive design task and Gabrielle Fantich for her help transcribing the interview recordings. The study team also thanks the eight undergraduate design students who volunteered to participate in the study. Based on all the design experiences above how much experience do you have with the following design tools, methodologies, or information sources (four options available: no, little, some, and substantialexperience):
Experience Experience Below is the pre-selection questionnaire participants completed during recruitment.
